How does the brain follow a sound that is mixed with others in a noisy environment? A possible strategy is to allocate attention to task-relevant time intervals while suppressing irrelevant intervals -a strategy that could be implemented by aligning neural modulations with critical moments in time. Here we tested whether selective attention to non-verbal sound streams is linked to shifts in the timing of attentional modulations of EEG activity, and investigated whether this neural mechanism can be enhanced by short-term training and musical experience. Participants performed a memory task on a target auditory stream presented at 4 Hz while ignoring a distractor auditory stream also presented at 4 Hz, but with a 180-degree shift in phase. The two attention conditions were linked to a roughly 180-degree shift in phase in the EEG signal at 4 Hz. Moreover, there was a strong relationship between performance on the 1-back task and the timing of the EEG modulation with respect to the attended band. EEG modulation timing was also enhanced after several days of training on the selective attention task and enhanced in experienced musicians. These results support the hypothesis that modulation of neural timing facilitates attention to particular moments in time and indicate that phase timing is a robust and reliable marker of individual differences in auditory attention. Moreover, these results suggest that nonverbal selective attention can be enhanced in the short term by only a few hours of practice and in the long term by years of musical training.
Introduction
Humans are constantly bombarded by multiple streams of information, some vitally important, but most not. One of the central computational problems facing the brain is how to extract the most relevant signals while filtering out irrelevant information and noise. This problem is particularly difficult for the auditory system which -unlike the visual system -cannot rely on mechanical means (saccades, focusing) to screen out unwanted information. Whether listening to a conversational partner in a crowded pub, or focusing on the bassist in a jazz ensemble, listeners must somehow separate out the different auditory streams (auditory object formation) and devote in-depth processing to one of those streams (auditory object selection (1)).
When task-relevant auditory objects have characteristic temporal regularities, attention to time can be used to select target objects and suppress distractor objects (2) . That attention can be directed towards moments in time is supported by research showing that participants produce faster responses when stimuli appear at expected times. This has been demonstrated for a variety of perceptual tasks in both the auditory (3) (4) and visual (5) (6) systems. Attention to time can not only be used to enhance performance in single-stream perception, but can also be used to facilitate object selection. Prior knowledge about auditory stream timing facilitates listening in cocktail party paradigms (7) (8) (9) , while uncertainty about stimulus timing makes tone detection more difficult when distractor tones are also present (10) . Moreover, differences in speech rate facilitate perception of speech presented alongside distracting speech (11) , and talkers producing speech alongside distractor talkers will adjust their speech rate to reduce temporal overlap with the competing speech (12) . One strategy, therefore, which listeners could use to facilitate auditory object selection is that attention could be directed towards points in time when target objects are likely to appear, and away from points in time when distractor objects are likely to appear (13) . For example, if a listener knows her conversational partner well, she could use her knowledge of the talker's speaking rate to predict when the next word will begin, and focus attention on that time point.
Over the last decade cognitive neuroscience research on speech perception has uncovered a possible neural mechanism underlying auditory object selection based on temporal information. Neural activity synchronizes to low-frequency fluctuations in the amplitude of speech, as measured using electroencephalography (EEG) and magnetoencephalography (MEG) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Selecting one auditory stream and ignoring another could therefore involve enhancing neural entrainment to the rhythmic patterns in the target stream, and diminishing entrainment to the patterns in the distractor stream (25) . Indeed, when multiple speech streams are presented, neural entrainment to the temporal envelope of both the target and the background is present, but that of the target speaker is enhanced relative to the distractor speakers (15, (26) (27) (28) (29) , and the extent of this modulation correlates with speech comprehension scores (30) . Moreover, transcranial stimulation with currents shaped similarly to the amplitude envelope of target speech can facilitate speech recognition performance in cocktail party paradigms and fMRI responses to speech (24, 31) , demonstrating that neural entrainment plays a causal role in auditory object selection.
Research on neural entrainment and selective auditory attention in humans has largely focused on speech perception. Comparatively little, therefore, is known about the neural mechanisms underlying more general (non-verbal) selective auditory attention. Neural entrainment is not limited to speech stimuli, and has been demonstrated to simple abstract sounds (32) (33) , non-verbal rhythms (34) , and ecologically valid music (35) (36) (37) (38) as well. Research on non-human primates in which non-verbal stimulus streams are presented at different time points has shown that switching attention between streams modulates neural entrainment (39) (40) (41) (42) . However, there is almost no prior research on neural entrainment and non-verbal selective auditory attention in humans. The only exceptions, to our knowledge, are Besle et al. (43) , who demonstrated attentional modulation of neural entrainment when human epilepsy patients were asked to attend to either an auditory or a visual stimulus stream, and Morillon and Baillet (44) , who demonstrated modulation of stimulusresponse phase-locking when participants are asked to attend to and judge the pitch of tones presented in alignment with a beat, and ignore tones out of alignment with the beat. Other EEG research on selective attention to a target melody has analyzed attentional modulation of onset responses rather than neural entrainment (45) (46) .
Despite the importance of robust auditory selective attention for everyday listening, there are large individual differences in the ability to listen and respond to single auditory streams in the presence of distractors (47) . The neural foundations of individual differences in selective attention are however poorly understood, as previous studies of the neural correlates of selective attention have used small numbers of participants and focused their analyses on main effects of attention. Here we hypothesized that individuals who are skilled at directing attention to an auditory object show stronger top-down modulation of neural entrainment to sound. We tested this hypothesis by asking participants to respond to targets in an attended sequence of tones while suppressing attention to a competing sequence in a different frequency band. The sequences were presented at the same rate but interleaved so that distractor tones were in counter-phase with targets. We predicted that active attention would be linked to neural entrainment to the attended sequence, leading to an increase in inter-trial phase locking at the frequency of within-band stimulus presentation (4 Hz). Moreover, we predicted that the direction of auditory selective attention would be linked to an approximately 180-degree shift in the phase of the EEG signal at 4 Hz, and that the extent of this shift would correlate with task performance.
Prior studies comparing cognitive abilities in musicians and non-musicians have found that musicians display an advantage for selective attention in both visual (48) and auditory (49) (50) (51) (52) (53) (54) (55) (56) ; but see [57] [58] stimuli. This suggests that the neural mechanisms underlying selective attention may be responsive to training. However, the musicians in these studies experienced thousands of hours of training, beginning in childhood, and so it remains unclear whether enhancement in selective attention is possible after shorter-term training in adulthood. Moreover, the neural foundations of training-based selective auditory attention enhancements have not yet been investigated. Given that musicians show increased cortical entrainment to music (36, 38) , one possibility is that musicians show stronger top-down modulation of neural entrainment to sound due to their experience directing attention to a single sound source within a highly complex acoustic environment. Here we tested this hypothesis by examining inter-trial phase locking and average neural phase during auditory selective attention in participants with and without musical training. We predicted that musicians would show greater neural phase differentiation between attention conditions, as well as increased intertrial phase locking at the within-band stimulus presentation frequency. Finally, to examine the effects of short-term training on attentional modulation of neural entrainment and auditory selective attention ability, we tested participants before and after a two hour online attention training session. We predicted that online training would lead to enhanced performance, as well as enhanced inter-trial phase locking and neural differentiation of attention conditions.
Results

Task overview.
Participants (n = 43) were asked to attend to tones in a low (185 -233 Hz) or high (370 -466 Hz) frequency band while ignoring tones presented concurrently in the competing frequency band (see Fig. 1 for a task schematic). In a third "Passive" condition participants sat quietly and listened to the tones but were not asked to actively attend to either band. Tones in contrasting frequency bands were asynchronous and formed a repeating ABABAB pattern of low (A) and high (B) frequencies followed by a silent pause at the end of each mini-sequence. For each band, a set of three possible fundamental frequencies was randomly sampled to create mini-sequences with a length of three tones. If a mini-sequence was repeated consecutively in the attended frequency band, the participant was asked to respond as quickly as possible by clicking the mouse. Tones were presented 180 degrees out of phase at regular intervals with a within-sequence rate of presentation of 4 Hz (i.e. 250 ms between tone onsets) and a cross-sequence rate of presentation of 8 Hz (125 ms between tone onsets). Figure 1 . Schematic of non-verbal selective attention task. Participants were asked to listen to short melodies made up of three tones in a target frequency band and press a button whenever they heard a repeated sequence, while ignoring repetitions in a distractor frequency band. The target and distractor sequences were interleaved, such that when a tone from one sequence was present the other sequence was silent.
Channel selection.
To limit the analysis to channels where entrainment was most strongly present, any EEG channel in which intertrial phase coherence was less than 0.1 at 4 Hz averaged across all conditions was excluded from further analyses (of 32 original channels, 14 channels remained: Fp1, AF3, F3, FC1, FC5, C3, CP1, C4, FC6, FC2, F4, AF4, Fz, and Cz).
Effects of selective attention on neural phase and inter-trial phase coherence
To examine whether actively directing attention to one of the two frequency bands affected the strength of neural entrainment, we calculated inter-trial phase coherence (ITPC) at 4 Hz (the within-band presentation rate). ITPC was higher for the active conditions (i.e. attend high and attend low, M = 0.115, SD = 0.053) than for the passive condition (M = 0.092, SD = 0.052; t (42) = 2.15, p < 0.05). We also calculated ITPC at the cross-frequency-sequence rate of stimulus presentation (8 Hz) and found no significant difference between active and passive conditions (t(42) = 0.14, p > 0.1), suggesting that increased neural entrainment was specific to the within-band repetition rate.
Next, to test the hypothesis that the direction of auditory selective attention would be linked to a shift in the phase of the EEG signal at 4 Hz, we investigated whether the direction of attention (i.e. attend high or attend low) led to a change in the average neural phase across conditions. We used a Watson-Williams test for equal means in circular data, as implemented in the circular statistics toolbox for Matlab (59) . This test could not be conducted on the entire dataset because not all assumptions were met, due to the average resultant vector being < 0.45. Given the high degree of variability in performance across participants -hit rates ranged from 11.1% to 82.5% of repetitions during the first testing session (M = 48.7%, SD = 14.2%) -we repeated this analysis on a dataset limited to the half of the participants who performed best on the task (n = 22). The test could be run on this smaller dataset, and as predicted above there was a significant difference between the average phase angles at 4 Hz for the attend high (M = 2.60 radians) and attend low (M = -1.07 radians) conditions (F(1,44) = 19.01, p < 0.0001), indicating a modulation of neural phase by the direction of selective attention in participants who more successfully performed the behavioral task. 
Correlations between behavioral performance and neural metrics.
Given the high degree of performance variability, we investigated correlations between behavioral performance and several neural metrics. First, we investigated the relationship between performance and strength of neural entrainment by calculating ITPC. Task performance was not associated with ITPC at the within-band presentation rate (4 Hz) during the active conditions (R 2 = 0.08, p > 0.05). Next, we investigated whether particular average neural phases at 4Hz were linked to better performance. Each participant's average neural phase was converted to Cartesian coordinates, and these two coordinates were included as predictors in a linear regression, with hit rate across all conditions as the dependent variable. There was a significant relationship between performance and average neural phase in attend high (R 2 = 0.16, p < 0.05) and attend low (R 2 = 0.22, p < 0.01) conditions. The regression equation was then used to extract behaviorally optimal neural phases, i.e. phases which were linked to the highest hit rates. This was done by using the regression equations to calculate predicted performance for each possible neural phase, then selecting the neural phase that maximized predicted performance. Behaviorally optimal phases were roughly π radians apart across the two attention conditions: 2.2531 radians for attend high and -0.9837 radians for attend low, for a difference between behaviorally optimal phases of 3.0464 radians. For the subsequent analyses, distance from behaviorally optimal phase is calculated as the distance between the individual's average neural phase in each attention condition and the behaviorally optimal phase for that condition. Collapsing across both attention conditions, there was a significant negative correlation between performance and distance from behaviorally optimal neural phase at 4 Hz (Spearman's correlation, R 2 = -0.41, p < 0.0001; Fig. 2B ). In Fig. 2A participants are separated by using the same median split based on performance as in the phase analysis above to illustrate the relationship between neural phase and performance.
Group differences between musicians and non-musicians.
We defined musicians (n = 18) as participants with three or more years of training in a musical instrument and non-musicians (n = 18) as participants with no musical training. (7 participants who did not fit into either category were excluded from the analysis.) Average neural phase and ITPC for musicians and non-musicians is illustrated in Fig. 3A and B. More targets were detected by musicians than by nonmusicians (t(34) = 3.74, p < 0.001; Fig. 3C ). There was no significant difference in ITPC between musicians and nonmusicians at 4 Hz in either active (t(34) = 0.01, p > 0.1) or passive (t(34) = -1.35, p > 0.1) conditions, nor at 8 Hz in either active (t(34) = 1.56, p > 0.1) or passive (t(34) = -0.07, p > 0.1) conditions. However, musicians' behavioral advantage was accompanied by more precise neural modulation by attention, as the distance from behaviorally optimal neural phase at 4 Hz was smaller for musicians than for non-musicians (t(34) = 2.91, p < 0.01). 
Within-subjects analysis of effects of online training.
Participants (n = 24) who completed a two-hour online training task and returned for a second EEG recording session performed significantly better on the task after training (t = 10.92, p < 0.0001; Fig. 4A and B) . There was no significant effect of training on intertrial phase coherence at 4 Hz in active conditions (t = 1.27, p > 0.1; Fig. 4C and  D) . By contrast, distance from behaviorally optimal neural phase at 4 Hz was smaller after training than before training (paired t-test, t(23) = -3.55, p = < 0.01, Fig. 4E and  F) . Fig. 5A and B illustrate the hit rate and distribution of phase angles across participants before and after the training session. 
Discussion
Here we report a new phase-based method for tracking selective attention to non-verbal sounds using EEG, and show that this neural metric is closely tied to performance, enhanced in musicians, and boosted by short-term training. We find that selective attention, compared to passive listening, is linked to an increase in inter-trial phase coherence at the within-band presentation rate. Moreover, we find that attention to one of two alternating stimulus streams is linked to a 180-degree offset in neural phase. This suggests that one of the ways listeners can select a target stream for in-depth processing is by directing attention to moments of time at which a target is likely to appear (and away from moments in time at which a distractor is likely to appear), and that this temporally-directed attention is linked to phase alignment of neural rhythms with the attended stimulus stream. This finding is consistent with previous reports of electrophysiological studies in non-human animals and electrocorticographical studies of human epilepsy patients indicating that switching attention from one non-verbal stimulus stream to another is linked to a shift in neural phase (39) (40) (41) (42) (43) .
We show that an individual's average neural phase can be used as a metric of inter-subject differences in selective attention. Moreover, participants' neural responses were more tightly clustered around this behaviorally optimal phase after training, and musical participants who had undergone musical training had neural responses that were closer to this behaviorally optimal phase. Thus, the optimal phase relationship between neural activity and stimulus timing is surprisingly consistent across participants, and can be used to assess individual differences in selective attention. By comparison, inter-trial phase coherence was less consistently linked to performance, was not modulated by training, and was not related to degree of musical training. These results suggest that the extent to which participants are able to align neural activity with the target stimulus stream is one factor underlying individual differences in selective attention ability, while the consistency of neural entrainment may be less important.
Compared to participants with no musical training, those with at least three years of musical training showed more precise alignment between their neural response and the attended stimulus, as well as a sizeable advantage in performance, suggesting that musical experience can enhance selective attention to sound and topdown modulation of neural entrainment. However, we found that inter-trial phase coherence did not differ between musicians and non-musicians in any condition, whether at the within-band or the across-band presentation rate. This suggests that the musician advantage was specifically for attentional modulation of neural phase, rather than a more general enhancement of neural entrainment regardless of task. These results are somewhat inconsistent with previous reports that participants with musical training show enhanced cortical responses even in passive listening paradigms (60) (61) (62) (63) (64) (65) and increased cortical entrainment to music (36, 38) . Our lack of a musician advantage for inter-trial phase locking may reflect the simplistic nature of the stimuli: it is possible that musicians may demonstrate enhanced entrainment only for stimuli which are timbrally, melodically, or rhythmically complex. However, these results are consistent with prior reports that musicians display an advantage for selective attention in visual (48) , verbal auditory (50-56; but see [57] [58] , and nonverbal auditory (49) stimuli.
We found that only a few hours of training led to a considerable increase in selective attention performance, with an average performance gain of 21% between the pre-training and post-training testing session. Moreover, we found that training also led to an increase in the alignment of neural phase with the attended sound stream, suggesting that individuals can rapidly improve their top-down control over neural entrainment. This concomitant neural enhancement demonstrates that the performance improvement was at least partially due to improved attentional control, rather than simply to an increased ability to discriminate melodic patterns. These behavioral and neural enhancements demonstrate the possibility of rapid short-term plasticity in the mechanisms of selective auditory attention, suggesting that shortterm training programs may be a successful remediation strategy in populations who struggle to control attention.
Our result suggest several potentially fruitful lines of fruitful work. For example, our phase-based analysis cannot distinguish between contributions from neural enhancement of the attended stimulus stream and neural suppression of the ignored stimulus stream (13) . Future work could distinguish between these two possibilities by presenting the two streams at different rates-for example, 4 Hz and 3 Hz-to determine whether neural entrainment to a given stream is enhanced when it is attended and suppressed when it is ignored relative to a passive condition. It also remains unclear whether musicians' enhanced top-down modification of neural entrainment is limited to musical stimuli or whether it extends to other domains as well. This could be tested by examining attentional modulation of neural entrainment to the speech envelope in musicians and nonmusicians. Similarly, future studies could investigate whether the effects of the non-verbal attentional training paradigm introduced in the current study generalize to behavioral and neural measures of attention to speech. Finally, because we did not include control training in our design, we cannot draw any conclusions about the efficacy of this particular selective attention training program relative to any alternate form of training, and future work could use this paradigm to examine the factors which modulate the efficacy of attention training programs. Moreover, future work should examine the extent to which selective attention enhancements are maintained long-term if training is discontinued.
In conclusion, we demonstrate that selective auditory attention is linked to a modulation of neural phase and that this metric is tightly linked to individual differences in selective attention performance. Our results further suggest that attentional control, as measured both behaviorally and neurally, can be enhanced by both short-term training and long-term experience.
Materials and Methods
Participants.
The subjects in this experiment were recruited over the course of several months from a population of adults with no history of neurological disorder or hearing impairment. All study procedures including informed consent and incentives were approved by the Birkbeck Department of Psychological Sciences ethics committee. 43 subjects (ages 18 -43 years, M = 28.9, SD = 7.5, 23 female) participated in the first testing session. After any subject who failed to complete training or missed their second appointment was excluded from the study, twenty-four subjects (ages 18 -43 years, M = 28.6, SD = 7.5, 11 female) remained for the second session. Hearing thresholds were assessed prior to study procedures by presenting tones at audiometric frequencies from 500 to 4000 Hz. Any subject who failed to hear tones presented at 20 dB SPL in a pretest assessment was excluded from analyses.
Procedure.
Participants were first tested in a two-hour pre-training session in which they were asked to selectively attend to tone sequences in a target frequency band, detecting occasional repeats, while ignoring tone sequences in a distractor frequency band. Feedback for correct responses, missed targets, and incorrect responses was presented, and EEG data was concurrently collected. On the next day participants completed a two-hour online training session in which they completed the same task with similar feedback. On the third day participants returned to the lab to complete a two-hour post-training EEG session during which they completed the same task.
Stimulus design and presentation.
The fundamental unit of stimulus presentation was a 125 ms cosine-ramped pure tone generated at a sampling rate of 48 kHz using Matlab. A trial consisted of six tones presented without pause (750 ms) followed by a silence lasting the duration of two tones (250 ms) for a total trial length of 1 s. Tones were presented within two frequency bands. Within each frequency band tones were drawn from a set of three tones, each two semitones apart. For the low band, tones could be set to frequencies of 185, 207.7, and 233.1 Hz; for the high band, tones could be set to frequencies of 370, 415.3, and 466.2 Hz. Tones in the high and low frequency bands alternated, such that a high frequency tone was always followed by a low frequency tone, and vice versa. Tones in the high frequency band were presented at 40% of the amplitude of tones in the low frequency band to ensure that the loudness of the two bands was relatively balanced. 3-6 within-band repetitions of the carrier frequencies drawn for two consecutive sequences were randomly distributed across each trial. Subjects were asked to detect and respond (with a computer mouse click) to within-band repetitions in the target frequency band defined for them by the experimenter while ignoring tones in the alternative frequency band. The latency window for a response to be recorded was from 250 ms before to 1250 ms after the end of the last tone in a sequence. Textual feedback was presented on a plain background computer display to notify subjects of correct responses, missed targets, and incorrect responses.
EEG recording sessions differed slightly in procedure from online training. EEG recording sessions consisted of thirty-five sets of thirty trials for each target frequency band and a third set for which subjects were asked not to respond to any repetitions. ER-3A insert earphones (Etymotic Research, Elk Grove Village, IL) were used for sound presentation at 80 dB SPL during these sessions. Online training began with 5 sets of thirty trials only containing tones from a target frequency band. Tones from the alternative frequency band were introduced in the 6th set at -30 dB and then increased in amplitude by 5 dB every subsequent 3 sets until reaching their original amplitude presentation. Subjects then completed seventy sets of thirty-five trials at the typical amplitude presentation before repeating the above procedure while targeting the other frequency band. As this part of the study was completed online, all sounds were presented through earphones available to the subject at a comfortable amplitude of their choosing. Aside from these differences, EEG recording sessions and training shared the feature that within-sequence repetitions appeared between three and six times in each set of thirty-five trials. After a repetition occurred, there was always at least one intervening non-repeating sequence before another repetition could begin. Trials in each set were presented without pause to maintain a steady presentation rate. Opportunities for rest were made available to subjects at the end of each set of trials. The full study procedure lasted around two hours on each day.
EEG data acquisition and processing.
All data were recorded from a BioSemi™ ActiveTwo 32-channel EEG system and digitized with 24-bit resolution. All channels were linked to Ag-AgCl active electrodes recording at a sampling rate of 16,384 Hz and positioned in a fitted headcap according to the standard 10/20 montage. External reference electrodes were placed at the ear lobes to record unlinked data for offline re-referencing. Contact impedance was maintained beneath 20 kΩ. Markers for the beginning of each set of 30 trials were recorded from trigger pulses sent to the neural data collection computer. The resultant data were downsampled to 500 Hz and then segmented into 1 s epochs aligned with trial onsets. Sources of artefact such as muscle noise and eye blinks were identified by independent component analysis of the epoched recording and removed after visual inspection of component topographies and time courses. Any epoch containing signal intensity in any individual channel exceeding +/-100 µV was then rejected. Timefrequency analyses were carried out via Hann-windowed fast Fourier transforms. All pre-processing steps were carried out using Matlab and a blend of custom and premade scripts from the FieldTrip M/EEG analysis toolbox (66) .
Analyses
Behavioral data.
The proportion of presented targets which were correctly identified was averaged across trials for each participant to generate performance measures for the high frequency and low frequency attention conditions. When determining median performance or making comparisons between groups or different time points, performance was averaged across attend high and attend low conditions.
Intertrial phase coherence.
Intertrial phase coherence is a measure of the consistency or concentration of phase values across trials at a particular frequency or in a frequency band. Unlike measures of phase between channels which relate to connectivity, intertrial phase coherence measures the phase consistency across all trials separately in each channel. Phase coherence ranges from 0 (no consistency in phases whatsoever) to 1 (perfect phase alignment).
Statistical analyses.
Statistical analysis of circular data was conducted using the Circular Statistics Toolbox (59) . All analyses were conducted in Matlab using two-tailed p-values. Assumptions of normality for pairwise comparisons were checked and non-parametric test alternatives were used where appropriate. All data are available on request to the corresponding author.
